Polarized Co K edge extended x-ray absorption fine structure measurements obtained with electric vector parallel and perpendicular to the film plane indicate differences in Co bonding along these two directions in room-temperature evaporated Co 0.16 Pd 0.84 alloy films. A local modulation of the Co fraction whose amplitudes are 0.05-0.09 exists along the growth direction in the alloy films. Pd underlayer and Pd spacer layers alternated with the alloy layer induce coherency strains resulting in an anisotropic effective strain state. Both anisotropic strain and local compositional modulation are likely to contribute to the perpendicular magnetic anisotropy observed in these alloys. © 1997 American Institute of Physics. ͓S0003-6951͑97͒02225-0͔
Because of their potential application in magneto-optical high-density recording, Co/Pd and Co/Pt multilayer films exhibiting perpendicular magnetic anisotropy ͑PMA͒ have been extensively studied to understand the anisotropy mechanism over the last decade. [1] [2] [3] [4] [5] Co-Pd and Co-Pt alloy films were since found to exhibit PMA, and relationships between alloy composition, preparation conditions, microstructure, and magnetic properties have been established. [6] [7] [8] [9] [10] [11] Weller et al. 7, 9 reported that Co-Pt and Co-Pd alloys have PMA, 100% remanence, and high coercivity comparable to those in their multilayer systems.
Previous studies of the alloy films have provided differing suggestions and mostly indirect evidence relating PMA to microstructure. A polarized extended x-ray absorption fine structure ͑EXAFS͒ study of Co-Pt alloy films concludes its origin is likely to be clustering ͑ordering͒ of Co atoms in surface normal ͑111͒ planes yielding internal interfaces 12 based on a model of intermixing at the interface of superlattice. 4 As for the Co-Pd alloy, the origin of its PMA was speculated to be a similar compositional anisotropy of Co atoms in the Pd matrix 10 without direct evidence. The origin of PMA in the alloys has remained unclear because of limited direct structural information and lack of theoretical study while the PMA in multilayers has been explained by the interfacial, magnetocrystalline, and magnetoelastic anisotropy ͑MEA͒ originating from the uniaxial asymmetry. [1] [2] [3] [4] To investigate the short range structure of Co-Pd alloy films, we analyzed polarized EXAFS's which provide direct short range information about the average Co environment. Polarized EXAFS was chosen because of its ability to provide both directional-and chemical-specific nearest-neighbor information around Co absorbers. 13 Our results demonstrate that Co-Co correlations are different between parallel ͑ ʈ ͒ and perpendicular ͑Ќ͒ to the surface of the Co-Pd alloy films.
Four room-temperature coevaporated alloy samples were studied, one grown directly onto a Si wafer (Co 0. 16 Fig. 1 . All hysteresis loops show that the easy axis of magnetization is oriented out-of-plane. X-ray diffraction shows all samples have ͑111͒-textured polycrystalline structure, with ͑111͒-peak positions corresponding to Co composition within 1% difference from those by EXAFS analysis. Atomic force microscopy shows the samples have small surface roughnesses of 4-6 Å and lateral correlation lengths of 300-400 Å. Thus, roughness-induced PMA via a surface dipole-dipole interaction 14 is not expected. Polarized Co K-edge EXAFS's were measured as a fluorescence yield for each sample by orienting the electric field vector E nearly perpendicular (E Ќ ) and exactly parallel (E ʈ ) to the film surface at near-grazing incidence. 15 Because of the 111 texture of the films, in the E Ќ polarization only atoms out of the plane with respect to Co absorbers contribute to the EXAFS signals, while in the E ʈ polarization backscattering from atoms both in and out of the film plane contributes. From this knowledge, we can resolve directional information of the short range structure surrounding Co absorbers. In our case, the first nearest neighbors are resolved by analyzing the first shell around Co emitters.
Anisotropy in Co-Co correlation is seen directly in the background-subtracted, normalized EXAFS's of E ʈ and E Ќ polarization, as seen in Fig. 2 for the simple alloy film. A difference in peak-to-peak amplitude is clearly seen in the first period of EXAFS oscillation with a small phase difference due to contributions of different bonding lengths at higher k. These differences indicate structural anisotropy. By Fourier transforms ͑FT͒ of EXAFS functions k 3 (k) (k is the photoelectron momentum͒, radial distribution functions ͑RDFs͒ of Co emitters ͑circles͒ are obtained as in Fig. 3 . A split first peak containing Co-Co and Co-Pd contributions are seen.
To separate Co and Pd contributions and obtain detailed structure, we fitted EXAFS data assuming these two backscatters described by theoretical amplitudes and phases generated by FEFF6. 16 Including two peaks within a range of R ϭ͓1.3-3.4 Å͔, data were fitted in real space according to a novel method of simultaneous fitting 17, 18 with both RDF's Fourier transformed in a range kϭ͓2.8-9.7 Å Ϫ1 ͔ taken in the E Ќ and E ʈ polarization. The variable parameters include N coordination number, R radial distance, and 2 structural disorder in R for both Co and Pd backscatters which vary in the fit with a constraint of 12 surrounding atoms in the first shell.
The spectra taken with the E ʈ polarization are fitted using the variable parameters for the out-of-plane atoms simultaneously fitted in the E Ќ polarization to obtain the structural parameters of the in-plane atoms. The best-fit curves ͑solid lines͒ and experimental data ͑open circles͒ are shown in Fig.  3 together with each contribution from Co and Pd neighbors of the in-plane ͑dashed lines͒ and out-of-plane ͑dotted lines͒ as previously mentioned. The resulting parameters are shown in Table I . Comparison of N and R between the in-plane and out-of-plane atoms reveals structural anisotropy.
To understand the origin of anisotropy in Co-Co first neighbors, we extend the notion of clustering or ordering anisotropy with a simple analytic model which assumes that locally alternating 111 planes parallel to the film surface have a high (x h ) and low (x l ) fraction of Co. The ratio of average Co coordination number (N Co ) to the Pd one (N Pd ) for both in-and out-of-plane atoms can be expressed as
Using Eqs. ͑1͒ and ͑2͒ with N Co from Table I and N Pd ϭ6 ϪN Co , the x l and x h are determined as in Table I . Unequal values of x h and x l indicate a short range ordering normal to the surface of the Co-Pd alloy films, which does not exist in equilibrium phase. The determined amplitudes of the local modulation of the Co fraction defined by (x h Ϫx l )/2 are 0.05-0.09 for all the alloys as shown in long-range composition modulation ͑LRCM͒ in the case of a multilayer system. For all alloy films, the SRCM is present even though its amplitude is smaller than that for a perfect superlattice. It was found that the multilayer with a LRCM has the smaller amplitude of the LRCM by diffuse interfaces than that expected or desired in preparation. 15 The anisotropic Co-Co distances determined for EX-AFS analysis can be interpreted as an effective anisotropic strain compared to bulk Co. Average strains of Co parallel ͑ ʈ ͒ and perpendicular ͑Ќ͒ to the film plane can be derived from cylindrical symmetry of our ͑111͒ textured geometry,
where ϭarccos(R Co in /2R Co out ), and R is the Co-Co nearest distance of 2.506 Å for fcc bulk Co. ⑀ Ќ as well as ⑀ ʈ values are tensile as seen in Table I . Tensile Co-Co distances compared to bulk are expected since Co is in a unit cell dominated by Pd. In the Pd matrix, Co atoms have an effective strain anisotropy by Ϯ(⑀ ʈ Ϫ⑀ Ќ )/2, the positive and negative signs stand for the directions parallel and perpendicular to the film plane, respectively. The alloy without Pd underlayers has a negligible strain anisotropy, but the remaining alloys have an evident strain anisotropy of Ϯ0.012, Ϯ0.016, and Ϯ0.015. Interfaces in the samples having Pd under and spacer layers explain why only these samples exhibit this anisotropic effective strain. The interplay between the coherent elastic and incoherent interfacial energy may affect the magnitude of the effective strain.
As seen in Fig. 1 , the shapes of hysteresis loops confirm the link between PMA and a short range structure discussed above. Both the SRCM and the anisotropy in Co-Co distances appear to play a role in the PMA of these samples. Increasing effective strain anisotropy through Pd under and spacer layers leads to better perpendicular magnetic hysteresis loops. Among the samples studied the best quality magnetic hysteresis curve is observed for the sample ͓Co 0.16 Pd 0.84 ͑50 Å͒/Pd͑50 Å͔͒ϫ10, which can be expected by the anisotropic strain and the amplitude of SRCM as shown in Table I .
Finally, we conclude that the origin of PMA in the Co-Pd alloy samples studied here is due to the structural origins of both chemical ordering similar to broken symmetry in multilayer system and anisotropic strain. These macroscopic effects are closely consistent with the microscopic origins of electronic hybridization of Co atoms near Pd neighbors or Pt ones and its strain dependence proposed in theory by Kyuno et al. 3 This work is supported by POSTECH and PLS. EXAFS measurements were performed at EXAFS beam line of the Siberian Synchrotron Radiation Center, Budker Institute of Nuclear Physics. S.K.K. acknowledges Korea Research Foundation for a financial support through the 1996 Postdoctoral Fellowship Program. TABLE I. Best-fit parameters from simultaneous fitting. Determined local Co fractions, x h and x l , and Co strains parallel and perpendicular to the film plane. (x h Ϫx l )/2 is amplitude of local modulation, and (⑀ ʈ Ϫ⑀ Ќ )/2 is effective strain anisotropy. x stands for average Co composition which is defined by (x h ϩx l )/2. 
